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Abstract 

We consider cosmological solutions in 5d locally supersymmetric theories in- 
cluding boundary actions, with either opposite tension branes for identical brane 
chiralities or equal tension branes for flipped brane chiralities. We analyse the 
occurrence of supersymmetry breakdown in both situations. We find that su- 
persymmetry as seen by a brane observer is broken due to the motion of the 
brane in the bulk. When the brane energy-momentum tensor is dominated by 
the brane tension, the 4d vacuum energy on the observable brane is positive and 
proportional to the inverse square of the brane local time. We find that the mass 
splitting within supersymmetric multiplets living on the brane is of the order of 
the inverse of the brane local time, examplifying the tight relation between the 
vacuum energy scale and the supersymmetry breaking scale. 



1 Introduction 



One possible interpretation of the cosmological evolution of the Universe is that 
it is due to the motion of a brane embedded into a higher- dimensional ambient 
space. The brane moves according to the equations of motion, and its dynamics 
as well as the physics of the localized sector respond to local conditions encoun- 
tered along its trajectory. In this paper we would like to study the dynamics of 
super symmetric bulk and branes, and their mutual coupling, in terms of a local 
action. In such a case the cosmological evolution may be related to the super- 
symmetry breakdown as seen on the brane. The aim of the present work is to 
analyse this relationship in an explicit way. To this end we use the brane-bulk 
super gravities constructed in [1], [2] , [3] , [4] , [5] , [6] , with matter sectors localized 
on the branes and coupled supersymmetrically to the 5d supergravity with AdS§ 
bulk. We find time-dependent solutions of the equations of motion that break 
4d supersymmetry everywhere, in the bulk and on the branes. The observer on 
the visible brane finds a positive effective vacuum energy which changes as the 
inverse square of the local time. The scale of this 'quintessential' vacuum energy 
is the same as the scale of susy breaking on the brane, hence asymptotically the 
observable brane becomes flat and supersymmetric. Of course, this is only true 
when one neglects the contribution of the matter sector. 

We investigate the effective 4d supergravity that describes the local dynam- 
ics of the brane-bulk system in the vicinity of the brane. It turns out that the 
transmission of supersymmetry breakdown to the observable sector occurs via 
the radion multiplet (i.e. the T modulus). To make the model suitable to de- 
scribe very late stages of the evolution of the Universe one needs to enhance the 
local scale of brane supersymmetry breakdown with respect to the scale of the 
cosmological constant. The correspondence of the 5d picture to 4d sugra with 
T-modulus suggests that the relevant enhancement mechanism would be equiv- 
alent to the tuning of the (super-)potential of the T-modulus and related to its 
stabilization. 

2 Supergravity with Boundary Branes 

We discuss the cosmological evolution and the supersymmetry breaking of 5d 
N=2 supergravity with a negative cosmological constant. The fifth dimension is 
an interval of finite length ending with two branes located at x 5 = r and x 5 = r\. 
These branes have their own cosmological constants (brane tensions) and are 
coupled to the 5d bulk in a way that preserves N=l supersymmetry [1],[7],[2]. 
We concentrate on a special subclass of these models, in which the brane tensions 
are correlated with the bulk cosmological constant as in the Randall-Sundrum 
model [8]. 

Let us first recall the basic features of 5d N=2 gauged supergravity [9]. The 
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gravity multiplet (e™ , ip A , A a ) , A = 1,2, consists of the vielbein (metric), a pair 
of symplectic Majorana gravitini, and a vector field called the graviphoton. There 
is a global SU(2) R-symmetry which rotates the two supercharges into each other. 
Making use of the graviphoton we can gauge a U(l) subgroup of the R-symmetry 
group. What is important here is that the gauging implies the presence of a 
negative cosmological constant in the bulk, M~ 3 S 5 = J d 5 x(^R + Qk 2 + . . .) where 
k\ = M" 3 is the 5d gravitational constant. Also, the transformation law of the 
gravitini is altered by the gauging. The gravitino variation reads 

5^ = D a e A - ^igkj a e A + ... , (1) 

where g is the U(1)r gauge coupling and the dots stand for terms involving 
graviphoton, which are not relevant for our discussion. 

It is possible to couple branes in a supersymmetric way even when the brane 
actions contain only the brane tension terms [7], [2]. To see this, notice that one 
can reformulate the theory on the interval (dowstairs picture) as a theory defined 
on a circle (upstairs picture). The values of a field at the two sides of a brane 
are related by a Z 2 symmetry. We assume that, for the brane at x 5 = r , the Z 2 
symmetry acts on the gravitino as: 

1#(r„ - * 5 ) = 75(^ 3 )^(r + x 5 ) ^(r - x 5 ) = -75(^)^0 + * 5 ) ■ (2) 

Similarly, the Z' 2 symmetry relates the values of the gravitini close to the x 5 = r\ 
brane as 

- * 5 ) = a l5 (a 3 )i^( ri + x 5 ) ^(n - x 5 ) = - a ^Q A B ^{r x + x 5 ). (3) 

We assume a can take values +1 or —1. For a — — 1 each brane respects a 
different of the two bulk supersymmetries, so globally supersymmetry is entirely 
broken. 

The point is that the gravitino variation has to have a jump at the branes, 
to be consistent with the Z 2 symmetry. This jump is a source of additional 
supersymmetric variation of the action, proportional to 5(x 5 — r ) and 5(x 5 — ri). 
These can be cancelled by a suitably chosen brane term representing a brane 
tension. For the case at hand the bosonic part of the Lagrangian that locally 
preserves N — 1 supersymmetry is given by: 



M~ 



] S = J d 5 x^g~ 5 (^R + 6k 2 )-6 J d 5 x^/^g~ 4 k(5(x 5 -ro)-a5(x 5 - ri )). (4) 



For a = 1 the above is the Randall-Sundrum action [10]. For a — — 1 the two 
brane tensions are equal. We call this possibility the flipped case. 
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3 Branes in motion 



We have described the Lagrangian coupling the N = 2 supergravity background 
to boundary branes in a locally supersymmetric way. We will now consider the 
vacua of such theories. In the bulk the vacua are determined by the equations of 
N = 2 supergravity. For the bosonic fields this corresponds to finding solutions 
of the Einstein equations with a negative bulk cosmo logical constant. The five 
dimensional version of Birkhoff 's theorem prescribes the most general solution in 
the bulk [11] 

ds 2 = -f(r)dt 2 + ^ + r 2 di:l (5) 

where the three-dimensional subspace spanned by the coordinates Y?,i = 1 3 

is respectively a spherical, flat or hyperbolic space for q = —1, 0, 1. The function 
f(r) is defined as 

f{r) = k 2 r 2 + q - (6) 

The parameter C is related to the mass of the black-hole located at the origin of 
coordinates. 

The vacua are specified by the bulk metric and the motion of the two boundary 
branes. This motion of a single brane follows from the Friedmann equation 
[11] [12] 

for H = r/r where the dot denotes d/dr and r is the proper time on the brane 
such that the induced metric on the brane reads 

ds% = -dr 2 + r 2 (T)dY? q . (8) 

The first term in the Friedmann equation is the usual curvature contribution while 
the second term is the so-called dark radiation. The solutions to the Friedmann 
equation are easily found. For q = we obtain 



r(r) = V±2(r-T ). (9) 

On the brane the geometry is the one of a radiation dominated FRW space-time. 
The brane either goes to infinity or is driven towards the origin at r = 0. For 
q = — 1, 1 the solutions are very different: 

r(r) = ( C ~ (T g ~ To)2 ) 1/2 - (10) 

For q — 1 the brane cannot escape to infinity, it may reach a maximal coordinates 
distance of r rnax = \/~C before bouncing back towards the singularity. In the open 
case q — — 1 the brane does not return to the singularity, and may reach infinity. 
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Notice too that as r goes to infinity, the motion of the brane becomes identical 
with the case where C = 0. The induced geometry on the brane corresponds to 
Milne space-time (see appendix A for more details). 

Let us now consider the motion of a two-brane system. We have to treat the 
unflipped and flipped cases separately. Let us first concentrate on the unflipped 
case where the brane tensions are opposite. 

The bulk parameters C and q are determined by the initial positions and 
velocities of the branes (the branes are specified by their position r and r lt and 
their velocities fo and fi). The Friedmann equation implies that 

c = r y 1 r -^ 2 . (ii) 

As soon as the initial velocities of the branes are different, the black- hole mass 
C has to be non-zero. The initial velocities are constrained by 



2^,2 ^2^,2 

(12) 



nn - r o r o 
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Notice that q = and C = is only compatible with static branes. In all other 
cases either q or C must be different from zero. 



4 Bulk Super symmetry Breakdown 

We have seen that the vacua are characterized in the bulk by two parameters, 
the black-hole mass C and the curvature q. As soon as the branes move, one 
of these parameters is non-vanishing. We will now show that this implies that 
supersymmetry is broken by the motion of the branes. In this section we show 
that in the background with non-zero q or C it is impossible to define Killing 
spinors. 



4.1 Killing Spinors 

Let us first define Gaussian normal coordinates x$ 



/ 7*2 _i_ j.2 

^ = ^0-H^—)), (13) 



where 



9 i 9 9 9 



- 2 = - + cosh 9 + + ~ , (14) 



such that the metric becomes 
. + r\ 

4^2 r 2 _+r 



ds 2 = dx\ - r - + r + sinh {e) „ df + ( r -±l± cosm + r -±-±)<n? q . 



cosh(60 + 

(15) 
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Let us identify this form of the metric with ds 2 = dx\ — f 2 (x 5 )dt 2 + g 2 (x 5 )dT l 2 . 
We can now read the spin connection 

= -f, ^kij = ^kip = a'hk ( 16 ) 

where hatted indices are local frame indices, ' = d/dx$ and the tilded symbols 
refer to the symmetric space of curvature q. 

Let us now analyse the Killing spinors in the bulk. They satisfy 

D a e A - \l a {aY B e B = (17) 



5 e A = ^ 5 (aY B e B . (18) 



= ±^(<J 3 )i(e ± ) B . (19) 



This leads to 

Define now two spinors 
This implies that 

e ± (x 5 , a?) = e ± ^ X5 e ± (x tM ). (20) 
Now the other components of the Killing spinor equations lead to 

D i (e ± ) A + (±f g - 1)7^(^ = 0, (21) 

where Di is the covariant derivative on the symmetric space of curvature q, and 

d^) A + (±(j ~ \)l^) A ^) B = 0. (22) 
The integrability conditions in the maximally symmetric curved space 

? - — 

iajb ^ 



[D u Dj] = R i&j lTT- (23) 



with 

Rabcd = q{gac9bd - gad9cd) (24) 

give 

= (£ =F f)H>e± (25) 



This equation leads to two different possibilities. If q — and C = then 
g'/2g — k/2 implying that e~ = and e + is left undetermined. Coming back to 
the Killing equations we find that e + is independent of x^. This is the usual BPS 
situation where 1/2 of supersymmetry is preserved by the vacuum. In all the 
other cases, i.e. as soon as the branes start moving the only solution is = 
leading to a complete breakdown of supersymmetry. 

Hence we conclude that the motion of the branes is responsible for the break- 
down of supersymmetry. This breakdown is spontaneous as realized due to the 
lack of supersymmetry of the vacuum solution, despite the supersymmetric in- 
variance of the action. 
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4.2 KK-modes of gravitini 



Let us consider the gravitino equation of motion in the bulk, 

l&Dffll,* - \k{aY Bl ^f = 0. (26) 

The last term comes from the gravitino mass term in the bulk. We work in 
the gauge where ^5 = 0. Let us focus on the A = 1 component, the A = 2 
component being equivalent due to the symplectic-Majorana condition imposed 
on five dimensional spinors. Let us decompose 

(^)l = + (x 5 )(^ o + ) L (^), (rft) R = il>-(x 5 )tyo) R (af), (27) 

and 

wDl = ^<t> + (x 5 )(ri) L (xn, m R = ^-(^xvtm^), (28) 

where ip^ are four dimensional Majorana spinors. Notice the explicit breaking of 
Lorentz invariance when / ^ g. 

We are going to solve the gravitino equation separating the variables and 
decomposing the wave function into a product of the five-dimensional and four- 
dimensional factors. We shall denote the separation constant by m, and call it 
a mass term, although strictly speaking we do not identify this parameter with 
the physcial mass. The precise correspondence between these two can be made 
explicit, e. g. in the case of AdS^ geometry in 4d, see [6], but here we consider 
more complicated 4d geometries. Whenever we use the term 'four-dimensional 
mass' we have in mind mass parameters in the sense of a general four-dimensional 
supergravity Lagrangian. Hence, we take the massive four-dimensional gravitini 
to satisfy 

Y^D 4 ^ = mf*Vj, (29) 

where 7 M is the Dirac matrix on the four-dimensional space-time with spatial 
curvature q. Notice the necessary exchange of chiralities in the Weyl basis. 

The gravitino equation (26) can be treated in two steps. First of all, putting 
a = leads to the evolution equations 

-d^ + + - 9 -<f)+ = -0" (30) 
2 g 9 

and 

+ hr + 9 -<t>- = -0 + (3i) 

2 9 9 

where 75 acts as —1 on left-handed spinors The a — k — 1, 2, 3 equation leads to 
new constraints on the spinors. We find that 

(-^ - ^- f )l k0i d (4>-) R <f>- + \{ 9 - - £)^VW)l = 0- (32) 
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This is consistent provided we impose the irreducibility constraint 

7Vr = 0, 7>+ = 0, (33) 

In conclusion we have found that the spectrum of gravitini corresponds to massive 
gravitini of the 4d hyperbolic space together with an irreducibility constraint on 
spinors on the 3d hyperbolic space. 

We can now examine the nature of the spectrum for both equal and opposite 
tension cases. We concentrate on the zero modes (m = 0) which are determined 
by 

0+ = e 3fc ^ Wo + , <F = e^rt" (34) 

Notice now that g does not vanish on the whole x^ axis. In the opposite tension 
brane, one can choose 0q = and then one obtains a single massless gravitino 
in four dimensions. The remaining chirality is the same as the chirality of the 
Killing spinor. When the chiralities are flipped, this implies that 0q = therefore 
all the massless gravitini are projected out. This is the expected result for flipped 
supersymmetry breaking. 

5 Brane Supersymmetry Breaking 

Let us concentrate on opposite tension branes moving away to infinity. This is 
the 'moving brane' version of the static Randall-Sundrum setting. Asymptotically 
the branes are located at 

— — t , cc^ — — t FL^ ^35^ 
where R is the radion field. The far away metric becomes now 

dsl = dx\ + e 2kX5 g^dx^dx u (36) 
where the background metric g^ v = g^ v is the metric on the hyperbolic space 

dsl = -dt 2 + l2 d^ 2 - (37) 

We will now perform the dimensional reduction and express the Lagrangian in 
terms of the metric g^ v . Let us start with the vacuum energy due to the bulk and 
brane contributions. The brane contributions comprise the brane action and the 
Gibbons-Hawking terms, [13]. It is straightforward to show that the contributions 
of bulk and brane cancel so that the 'hard' 4d cosmological constant vanishes 
altogether. 

The Einstein-Hilbert action from the bulk becomes the four-dimensional grav- 
itational action for g^ u with a gravitational coupling 

1 ft 2kx 5 

~ 2 = (38) 
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implying that in the large time regime, the gravitational coupling becomes 



1_ o^(t) 

K 2 ~ (/t 4 ) 2 



e~ K '\ (39) 



where a(t) = e and 



We have identified 



(k 4 ) 2 kn. 



2 ' 



(40) 



2kR = T + T (41) 

as the real part of a scalar field which belongs to a chiral superfield T. Such a 
chiral multiplet contains also the fifth component of the graviphoton, which plays 
the role of an axion, and the fifth component of the gravitino, called the radino. 
The Kahler potential of the radion superfield has been identified as [14] 

K=-3\n(l-e-^). (42) 

As x 5 » I the form of the metric simplifies and f — g — e 2xs ^ 1 . In that case, 
there is an asymptotic restoration of supersymmetry implying that the massless 
gravitini coincide with the ones of the static supersymmetric Randall-Sundrum 
model. Moreover the Killing spinors are now non-vanishing corresponding to a 
local, i.e. occurring in the vicinity of the moving brane, restoration of supersym- 
metry We can identify the zero mode for the gravitini 

= a^ 2 (x 5 )^(x) (43) 

where ip is a four dimensional massless Majorana spinor. Similarly one can solve 
for the Killing spinor with the result 

e = a 1 / 2 (x 5 )e(x), (44) 

reflecting the fact that locally only one combination of supercharges is preserved 
in the bulk/brane system. We also include the contribution coming from 

^{x) = a-^ 2 (x 5 )^ 5 (x). (45) 

Denoting by the covariant derivative in four dimensions with respect to g^ v , 
we identify the low energy Lagrangian 

/ d4x ^9j^( R (9) + T%v P D u r + ?7 F 7 5 ^^5 + J^l^r) (46) 

where 7 M are the 4d gamma matrices with respect to g^ v . To remove the kinetic 
mixing between ip 5 and ip^ we redefine the fields 

^ Vv ^7^7 5 4, (47) 
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which leads to the action 

/ dAx ^g^V=g(R(g) + T%» p d v V + ^k%irfa). (48) 

Let us analyse the supersymmetry variations of the gravitini. We find that 

S^DD^+^e. (49) 

i.e. (Siip/j) ^ 0. The first contribution is the usual 4d supergravity variation, 
the other one comes from the time dependence of the normalization factor of 
gravitini on the brane. This second term is the signal of supersymmetry breaking. 
This is yet another example of supersymmetry breakdown due to the boundary 
conditions in the brane system, this time along the time direction while in the 
Scherk-Schwarz case the new direction is space-like. We shall call the present 
mechanism a kinetic supersymmetry breaking. Of course, the kinetic breaking is 
4d Lorentz non-covariant, hence it shall manifest itself somewhat differently than 
the usual breaking through the F-terms and D-terms. One would like to obtain 
the local interpretation of this susy breakdown given by a local observer bound 
to the brane. Locally, near the brane (here we choose the positive tension brane 
to be the observable one) it should be possible to understand the situation in 
terms of a local supergravity defined in the vicinity of the brane. 

A crucial sign of supersymmetry breaking is the presence of a time-dependent 
cosmo logical constant in the Einstein frame defined by g^ v = a 2 (t)e~ K / 3 g^ u . Us- 
ing 

J d 4 xa 2 (t) e - K ^ 3 y/^R(g) D J d 4 x^g^(R(g E ) - Gg^d^lnadjna), (50) 

we find that in the Einstein frame the initial time dependence of the gravitational 
constant becomes a time dependent vacuum energy 

A 3 dlna 2 

k\ dr 

where r is the brane local time 1 . Using a(t) — r/l this leads to 

A = (52 > 

This is a positive time dependent cosmological constant which decays as r — > oo 
corresponding to the asymptotic restoration of supersymmetry. 

One can define canonically normalized gravitini and radino in the Einstein 
frame 



Vv(x) = a^ 2 (t)e- K / 12 ^(x) : Mx) = J -a-V 2 (t)e K ' 12 j> 5 (x). (53) 



1 We reserve the label r for the brane local time, while t denotes the coordinate time. 
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Now in the Einstein frame the gravitino variation becomes 



8^ D D E i 



e K/6 




1 E 



(54) 



8la(t) L 



where we have defined e = a~ 1 ^ 2 (t)e K ^ 12 e and D E is the covariant derivative with 
respect to the Einstein metric. The matrix 7 is the local frame gamma matrix. 
We have used the fact that the induced metric leads to an extra spin connection 



where e E v is the veilbein of the metric g E . Now < S^tp^ >^ due to the generator 
associated with a Lorentz boost. 

The variation of the gravitino (the one propagating on the brane) in the 
effective 4d theory is 



where = + l/4u;™ n [7 m , / ~f n }. Comparing this to (54) we can see that the 
Lorentz structure of the variation induced by the brane motion is not that of the 
term associated with the expectation value of the superpotential W, but rather 
should be seen as a time-dependent background connection. 

Usually, in spontaneously broken supergravity a positive cosmological con- 
stant is associated with non- vanishing F terms. Here the subtlety lies in the fact, 
that the vacuum solution we have at our disposal is time- dependent, and it is 
determined in the full theory containing both branes. It is not obvious that for 
instance in the flipped (twisted) case of [4] the four-dimensional description of 
the full system in terms of the standard 4d supergravity is possible. On the other 
hand, for an observer localized on the travelling brane, who has at his disposal 
local supercharges operating on the brane, it should be possible to describe the 
local dynamics in terms of sugra Lagrangian containing degrees of freedom that 
are allowed to fluctuate on the brane. We find such an approximate description 
possible, but the price to pay is the explicit dependence on time of the super- 
symmetry variations. In the case discussed in detail in this section it is natural 
to keep in the effective brane theory the degree of freedom corresponding to the 
relative motion of the branes, the radion field. The overall motion of the sys- 
tem with respect to the bulk is encoded in the explicit time dependence of the 
variations. 

Let us analyse first the type of geometry seen by a low energy observer on the 
brane. Taking the ansatz 




la(t) i» 



(55) 



= 2ZV + te K/2 W lfl e + ... , 



(56) 




dr 2 + a 2 {r)dx l dxi 



(57) 
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where spatial sections are flat now. The Friedmann equation reads 

H> = | A = 1 (58) 

implying that a(r) = r. Notice that the Hubble rate as seen from the effective 
action coincides with Hubble rate obtained from the induced metric on the brane. 

Let us now consider the coupling to supersymmetric matter on the brane. It 
is crucial to notice that matter couples to the induced metric = a 2 {t)g^ v for 
far away branes. The kinetic terms are therefore 

S k in = J d*xa 2 (t) y /=jjg'»'d li $d v $. (59) 

One can deduce the complete Kahler potential including the radion superfield T 
and chiral matter <3> on the brane [14] 

K(T, $) = -3 log(l - e- {T+T) - |$| 2 ). (60) 

Let us now go to the Jordan frame where matter on the brane couples directly 
to the induced metric gff v = a 2 {t)g^ v The action contains a term 

J d'xa 2 (t)e- K( ~ T ^^g-R(g) D J d 4 x^g^e~ K ^ 3 (R(g B )-Qg^d, In ad v In a), 

' ' (61) 

Using the explicit form of the Kahler potential and time dependence of In a, this 
leads to a soft breaking mass term for the chiral superfields living on the brane 

Am 2 = A (62) 



T 



and this is equal, up to the powers of the 4d Planck scale to the cosmological- 
constant. Notice that the splitting within the matter multiplets is also related to 
the Hubble rate on the brane 

Am 2 = m 2 (63) 

showing the intrinsic link between the kinetic breaking of supersymmetry and 
the cosmological evolution of the brane. As expected the mass splitting dies off 
as the brane recedes away towards infinity. 

One may give a simple explanation for the appearance of a direct link between 
the mass splitting and the Hubble rate. This relationship comes from the kinetic 
term for the modulus T, the only bulk modulus that is left in the effective local 
sugra. The necessary ingredient is the presence of the Kahler potential mixing 
between T and chiral multiplets $. This mixing does exist indeed, as seen in 
(60), and results in 

L km = 9tt\^\ 2 = 3|^|V^)(1 + |$| 2 ) + ... , (64) 
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hence the (unnormalized) mass terms are 



ml = 3\^\ 2 e^ T+T \ (65) 

In this frame the mass terms are induced by the nontrivial time evolution of the 
modulus T when we identify the kinetic energy of the modulus T with the Hubble 
rate as given by the five- dimensional dynamics, i.e. the Friedmann equation 

3H* = g TT \^ = 3\^e-^\. (66) 

This again leads to a mass splitting proportional to the cosmological scale H 
(63). 

The result obtained in this section has also another nice interpretation in 
terms of temperature supersymmetry breaking on the brane. Focusing on one 
of the moving brane, it is easy to see that the asymptotic geometry is of the 
Milne type (see appendix A), i.e. a flat brane. The motion of the brane in the 
bulk implies that an observer on the brane coupled to the bulk vacuum detects 
a thermal spectrum of temperature [16] 

Now in flat Minkowski space, a globally supersymmetric theory such as the MSSM 
is broken by temperature effects. The mass splitting of the supersymmetric mul- 
tiplet is of order 0(T B ). This is not surprising, since also the temperature su- 
persymmetry breakdown can be understood as the result of nontrivial boundary 
conditions imposed on bosons and fermions along the Euclidean time direction. 



6 Flipped Supersymmetry Breaking 
6.1 Branes beyond the Horizon 

Let us now come back to the flipped case. The two branes have positive tensions 
preventing the embedding of the two branes on the same side of the Einstein- 
Rosen bridge at U = V = (see appendix A for details on the global structure of 
space-time). However, one can embed the branes on both sides of the Einstein- 
Rosen bridge. In that case the two branes are separated by a wormhole. The 
initial condition problem can be analysed and leads to the same conclusions as 
for the opposite tension case. Here the two branes are in causally disconnected 
regions. 

For far away branes we focus on the AdS wormhole q — — 1, C — 0. The 
global structure of space-time consists of two copies of the same r > / space glued 
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at r = I by a wormhole whose topology is the one of E_i. To see that one can 
use the isotropic coordinates defined by 



Zcosh(lntan(ihiy + j)) (68) 



such that the metric becomes 



ds 2 = -sinh 2 (lntan(Jln^ + ^))dt 2 + k^^k 2 ^i^ ±>L ( d( ? + fatf) 



p vr Z 2 cosh 2 (lntan( i In f + f )) 

>2 - z + 4 ;;<« + p2 

(69) 

Notice that this parametrization realizes explicitly r > I. Moreover the relation 
between r and p is two to one, i.e. the coordinate p G [0, oo) covers the line 
r > I twice. This is the origin of the two sides of the horizon. A more precise 
description can be obtained by noticing that the two sides of the horizon are in 
fact exchanged by the isometry 

P^P = - (70) 
P 

The fixed point of this transformation 

Pc = I (71) 

is precisely located at the horizon. 

On both sides of the horizon, the branes follow motions identical to the one 
obtained in the opposite tension case. The main difference comes from the fact 
that the horizon is now visible for both branes. This leads to a greatly modified 
behaviour of gravity due to the strong Lorentz violation in the region close to the 
horizon. However, the contribution to the four- dimensional Planck scale coming 
from the near-horizon region is finite and necessarily much smaller (see the next 
subsection) than the contributions from the near-brane regions, because the warp 
factor grows towards the branes. Hence the effective supergravity/matter model 
on the positive tension brane in the asymptotic far-away region of the space-time 
is the same as in the 'moving' RS case discussed earlier. 



6.2 Gravity and Lorentz Violation 

We will now consider the graviton in the AdS wormhole with q — — 1, C = 
corresponding to a moving brane receding away towards infinity. We work in the 
trace-less transverse gauge h — and D a h ab = 0. The zero modes can be written 
in the form 

hij = c^Cjh uv (72) 

where are indices of the symmetric space of curvature q. The graviton 

depends on the vielbein e" on the symmetric space . The matrix h uv is symmetric 
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and traceless, corresponding to five degrees of freedom. Gauge invariance allows 
to fix three degrees of freedom, leaving two independent polarizations. Zero 
modes correspond to time-independent matrices h uv . 

The graviton equation is easily obtained by noticing that the AdS wormhole 
(q — — 1, C = 0) is locally isometric to AdS space-time and therefore [17] 



Using the connections 



and 



D a D a hij + 2k 2 h i:j = (73) 



r« = j, r^ = j (74) 



i>, = r* = - g - 9ij (75) 

9 9 



we find that the graviton equation reads 

K + (y - -)K 3 - 2[( 9 -)' + 9 -(2 9 - + £)- k 2 }hij = (76) 
J 9 9 9 9 1 



Close to the horizon we have y ^- implying that 

1 



^ + — Kj + = (77) 

— 1/2 

Putting /ijj = x 5 Hij we obtain that 

K + 4^2^ = (78) 

and close to the horizon 

hij = h% + In |a; 5 |^ (79) 

where h ^ are constant tensors in terms of x$. 

Let us now evaluate the kinetic terms of the graviton 

^ J dx 5 d 4 xfg- 3 cj> 2 (dh) 2 (80) 

where = (j>(x$)hij and the contractions are made in flat space. Integrating out 
the extra dimension between branes yields an effective Planck scale 

i = i / ^/^" 3 2 . (si) 

This is well defined everywhere except at the horizon where the integral behaves 
like 

J (IX5X5 ln 2 (x 5 ) < 00. (82) 
14 



Hence the effective Planck mass is finite. 

Notice that close to the horizon, Lorentz invariance is broken implying that 
one cannot write a gravity theory in the usual Einstein Hilbert form. It is only 
at spatial infinity where f — g that Lorentz invariance is restored, allowing to 
consider more familiar looking effective actions. 

7 Summary 

In this paper we have discussed the physics on a non-static brane of locally 
super symmetric five-dimensional supergravity which moves with respect to the 
bulk according to the classical equations of motion. We have found that in such a 
case the cosmological evolution is related to the dynamics of the supersymmetry 
breakdown seen on the brane. Within the brane-bulk supergravity of [2], [4] there 
exist time-dependent solutions that break 4d supersymmetry everywhere, in the 
bulk and on the branes. The observer on the visible brane finds a positive effective 
vacuum energy which changes as the inverse square of the local time. Having 
obtained a decaying cosmological constant, one may wonder if this is not the 
realization of quintessence. In fact one finds that such a time dependence is 
marginally consistent with the supernovae data [15], however at very late times 
the behaviour of the system needs to be modified. The scale of this 'quintessential' 
vacuum energy is the same as the scale of susy breaking on the brane, as can 
be seen from the explicit computation of the soft masses on the brane, hence 
asymptotically the observable brane becomes flat and supersymmetric. Of course, 
this is strictly true in the approximation when one neglects the contribution of 
the matter sector. We have discussed the effective 4d supergravity that describes 
local dynamics of the brane-bulk system in the vicinity of the brane. It turns 
out that the supersymmetry breakdown in our model is seen on the brane as the 
kinetic breaking mediated to the observable sector by the radion multiplet, via 
the matter-T modulus mixing in the Kahler function. To make the model suitable 
to describe realistically very late stages of the evolution of the Universe one needs 
to enhance the local scale of the brane supersymmetry breakdown with respect 
to the scale of the cosmological constant. The correspondence of the 5d picture 
to 4d sugra with T-modulus suggests that the relevant enhancement mechanism 
would be equivalent to the tuning of the (super-)potential of the T-modulus and 
related to its stabilization. 

8 Appendix A: Global Structure of Space-time 
8.1 Global Structure 

Let us analyse the global structure of space-time for any value of q and C. To 
do that we will define Kruskal coordinates covering space-time completely. It is 
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convenient to introduce tortoise coordinates 

dr* = f(r)dr, (83) 

leading to 

r* = - + - [ln( ±) + — arctan(— )]. (84) 

2r 2 +r 2L V r + r+ 7 r+ V r_ /J V ' 

We have defined r± as the roots of 

r 4 + g/V - CZ 2 = (r 2 + r 2 )(r 2 - r 2 ). (85) 
More explicitly this leads to 

_ g z 2 + VP + 2 g/ 2 + V/ 4 + 

r + = g ' r " = 2 ' ^ 

Notice that r + = /, r_ = when q — — 1 and C = 0. The metric is originally 
defined for r > r+. We will extend it to the origin. Let us introduce the surface 
gravity 

* + = ^ (87) 
Now the Eddington-Finkelstein coordinates, 

M = t-r*,w = t + r*, (88) 
correspond to null directions. The Kruskal coordinates are 

U = -e~ K+u , V = e K+v (89) 

in such a way that 



tttf /T 2 — arctan — / nr \\ 

UV = -( -Ye r + r - . (90) 



The metric reads now 



1 



ds 2 = f^(r + r + ) 2 (r 2 + r 2 )e _2 ~ arctan -^\/ + r 2 rfS 2 . (91) 

As can be seen in the last expression the metric can be extended to < r < r + 
without any coordinate singularity. After doing so the product UV goes from 
negative to positive values. The horizon r = r + is mapped to the two lines U — 
and V = 0. In particular one should notice that the regions on both sides of 
the Einstein-Rosen bridge at U = V = are isometric and exchanged under the 
isometry U — > —U, V — > —V. 
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8.2 Milne Branes 

Focusing on the case of branes receding away towards infinity, the motion is well 
approximated by the Friedmann equation 



1 



= - (92) 
where H = r/r with the proper time r defined by 

"(S - l)^ 2 + T^V 2 = -1. (93) 

This implies that 

f = ^ln(£-l). (94) 

This asymptotic situation corresponds to the case q — — 1, C — 0. The geometry 
on the brane is dictated by the Milne metric 

ds 2 B = -dr 2 + T 2 dY?_ x (95) 

where 

d£ 2 = rfx 2 + sinh 2 xrffi 2 (96) 

and dQ 2 is the metric on the unit two-sphere. Locally Milne space is isometric 
to Minkowski space upon using the following reparametrization t = rcoshx, r = 
rsinhx, leading to 

ds% = -dt 2 + dr 2 + r 2 dil 2 . (97) 
Therefore the brane is in fact a flat brane embedded in AdS 5 . 



9 Appendix B: Brane Temperature 

Let us consider a free scalar field living on a Milne brane 

ds 2 = -dt 2 + t 2 dY? (98) 

The Klein Gordon equation can be easily reduced to a differential equation by 
separation of variables 

$ = Mx)Mt) (99) 



where the J^'s are hyperbolic harmonics 

= —(k 2 l 2 + l)J k (100) 



d x (smh 2 xd x J k ) _ n:lrl 



sinh x 
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and hyperbolic angular momenta k are measured in units of l/l. This leads to 
the Klein-Gordon equation 

3 k 2 l 2 + 1 
0fc + ~ t <Pk + - 2 <Pk = (101) 

The modes are given by 

<t>t = (|)- 1±iH . (102) 

This defines the positive and negative frequency modes in Milne space. One can 
quantize the fields by expanding 

$ = ! dk(faa k + +faal), (103) 

where the operators a k and a\ are annihilation and creation operators for the 
vacuum \vac >b on the brane. 

The same quantization procedure for a static observer, r = r = const., in 
the bulk whose position is instantaneously coincident with the brane leads to the 
differential equation 

d 2 <p k , k 2 l 2 + l 

-<Pk = 0, (104) 



dtl I 2 



o 



where 



rl - I 2 



v 

r 



(105) 



This leads to the static observer's modes 



as in flat Minkowski space where 



± ~ e ±lTwt , (106) 



I 

and 



UJ = : (107) 



r 2 -l 2 



(108) 



We then identify Too with the energy of the particles with hyperbolic angular 
momentum k. At high energy u ^ l/l and large distances from the horizon 
r ^> / we find that the energy coincides with k and uj. 
We can then decompose fields as 

$ = J dw{e- iCut a u + +e irw *a£) (109) 

where the operators d w and are annihilation and creation operators for the 
static bulk vacuum \vac >. 
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The two Hilbert spaces can be seen not to be unitarily equivalent. Indeed one 
can decompose 

C / dp(A^e- ir ^ + B kw e^) (110) 

from which we get 

a u = J dk(A ku} a k + B* ku> a{). (Ill) 

The Bogoliubov coefficients depend on the overlap between the eigenstates in the 
two Hilbert spaces 

A ^ = ^J r k e lut dt. (112) 

Similarly we have that 

Bkui = A k _u- (113) 
Using the explicit expression of (f> k one finds [18] 

B kw = e' M A kw . (114) 

Using the normalization conditions for the Bogoliubov coefficients 

{AA ] ) kp - (BB^) kp — 5 kp , (115) 

we find that 

(BB% P = -J^- (116) 



as a function of the hyperbolic angular momentum k. From this we conclude that 
the number of particles on the brane with momentum k is given by 

N * = -I^-i ( 117 ) 

i.e. a thermal spectrum with a temperature l/2nl. 

It is more transparent to reexpress this result as a function of the energy 

dt 

E = —Tu 118 

GST 

corresponding to the energy measured by an observer whose clock ticks at the 
same rate as the clock on the moving brane. This leads to 

N E = ; 1 (119) 

corresponding to a thermal spectrum at high energy on the brane with temper- 
ature 

Tb = L=. (120) 

19 



At large distances, when the brane is far away from the horizon we find that 
the temperature is 

Tb = ±, (121) 
where r is the proper time on the brane. 
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